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When cells enter mitosis, they
acquire microtubule-based
connections between
chromosomes and spindle poles.
Microtubule plus ends extend and
retract from the spindle poles in
order to search their local
environment in an attempt to
capture a kinetochore, the protein
complex that links microtubule
plus ends to chromosomes. The
unusual self-assembly behavior of
microtubules, known as ‘dynamic
instability,’ allows large
microtubule length fluctuations
that are believed to facilitate the
rapid searching of cytoplasmic
space by microtubule plus ends to
efficiently locate kinetochores. A
new computational analysis of this
stochastic searching process,
reported in this issue of Current
Biology by Wollman et al. [1], now
shows that dynamic instability is
surprisingly inefficient at
kinetochore capture and cannot
explain observed capture rates. To
explain the discrepancy, Wollman
et al. [1] show that a gradient in
microtubule stability can guide
microtubules to kinetochores at
the observed rates.
Earlier modeling of the
kinetochore capture process
concluded that microtubule plus
end dynamic instability is
adequate to explain the rate of
capture during prometaphase
[2,3]. But these studies only
analyzed the mean time to capture
one kinetochore (on the order of
minutes), which will be much
shorter than the mean time to
capture all the kinetochores. In a
human cell, for example, there are
92 kinetochores (46 pairs) that
must be captured. When all the
kinetochores are included in the
model, the simulated mean time
required to capture all 92
kinetochores using spatially
unbiased searching is at least two
hours, whereas Hela cells require
only about 30 minutes to complete
mitosis [1]. Wollman et al. [1] found
that the empirical capture rates
could be reproduced by including
a spatial bias in the searching, so
that assembly is favored around
the kinetochores (and therefore in
the general vicinity of the spindle).
To estimate the extent of the
requisite bias, Wollman et al. [1]
took the experimentally measured
catastrophe frequency — the rate
at which microtubules switch from
the growing state to the shortening
state — for astral microtubules [4],
and used this value (4.5 per
minute) in their simulation of
spindle microtubules [1]. The result
was an unrealistically long capture
time (days), while the fastest
capture times obtainable with the
unbiased model required the
catastrophe frequency to be much
lower (0.8 per minute). This
suggested that the catastrophe
frequency is depressed in the
region between the poles, relative
to the region outside the poles. In
other words, microtubule plus
ends must grow more persistently
when in the general vicinity of the
chromosomes, and less
persistently when away from the
chromosomes in the astral regions
of the spindle, as shown in
Figure 1.
To form a proper mitotic spindle, all kinetochores must capture at least
one microtubule plus end. A new computational modeling study shows
that a search-and-capture mechanism based on spatially unbiased
microtubule dynamic instability is too slow to account for the
experimentally observed rate of chromosome capture.
Figure 1. Chromosome capture by searching microtubules. 
Microtubule plus ends undergo dynamic instability, with stochastic switching from
growth to shortening (‘catastrophe’), and from shortening to growth (‘rescue’). It is
generally assumed that catastrophe and rescue frequencies are constant throughout
the cell, as illustrated in the left panel. In this case microtubules (green lines) have no
information available to guide their growth to the kinetochores (orange dots) associ-
ated with chromosomes (blue X’s). Wollman et al. [1] show that such a model predicts
unrealistically long kinetochore capture times. Alternatively, there could be a spatial
gradient in one of the switching frequencies. For example, the catastrophe frequency
could be suppressed between the poles, as illustrated in the right panel. In this case
there is a region between the poles that favors net microtubule assembly, which is
where the spindle forms. Once microtubule plus ends grow out of this favorable region
(the edges of which are marked with black arrows), they then enter an unfavorable
region, become prone to catastrophe, and will soon return to the favorable region. This
system provides useful information to microtubules to bias their searching to the
regions where the kinetochores are located. Wollman et al. [1] show this biased
search-and-capture model predicts realistic capture times.
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This concept then formed the
basis of the biased search-and-
capture model [1], where a
kinetochore-mediated
catastrophe gradient was able
quantitatively to account for the
experimental capture rates. In this
model, a microtubule plus end,
growing in the direction of
chromosomes, grows persistently
until either it captures a
kinetochore or it grows beyond
the chromosomes. If it grows
beyond the chromosomes, it
experiences a high catastrophe
frequency that promotes its
switch to the depolymerizing
state, so that it can try yet again
to capture a kinetochore during
the next round of polymerization.
Thus, in this model, the
kinetochores generate a signal
that is sensible to growing
microtubule plus ends to
concentrate searching efforts on
the region of the cell where
kinetochores are located.
It was proposed some time ago
that chromosomes might generate
a recruitment signal for
microtubules [5], but direct
evidence in support of this has
been limited. Two studies [6,7]
reported that microtubule assembly
is biased toward chromatin in
Xenopus extracts. Analysis of
kinetochore microtubules in
metaphase budding yeast spindles
concluded that a gradient of either
catastrophe or rescue was required
to explain the experimentally
observed distribution of
microtubule lengths [8]. In non-
mitotic cells, spatial variation in
catastrophe and rescue
frequencies has been reported as
well [9]. So it seems that
microtubule plus ends ‘sniff’ their
way around the cytoplasm, with
some regions encouraging
assembly, and other regions
discouraging assembly. In this
sense, microtubule plus ends could
be regarded as chemotactic, in that
they are able to respond to
chemical gradients in the
cytoplasm and bias their dynamic
instability switching behavior to
ultimately alter their spatial
distribution.
How might microtubule
chemotactic gradients be
generated and also remain stable
for long time periods? For a
chemical gradient to facilitate
kinetochore capture, for example,
it must remain stable for at least
30 minutes. The requirement for a
chemical gradient is surprisingly
simple: a source and a sink that
are spatially separated. In fact, this
principle is already well
established in developmental
biology where chemical gradients
generated by spatially separated
sources and sinks provide spatial
information to specify the behavior
of cells within the developing
embryo. Such gradients are
potentially ubiquitous inside cells.
As illustrated in Figure 2, suppose
that the phosphorylated form of a
protein (A-P) is generated by a
kinase that is bound to some
large, relatively immobile structure
such as the plasma membrane or
a chromosome. As the
phosphorylated protein diffuses
away from the kinase, it eventually
is acted upon by the antagonistic
phosphatase to return the protein
to the dephosphorylated form (A).
Thus, the concentration of A-P will
be high near the kinase, and low
elsewhere. Conversely, the
concentration of A will be low near
the kinase, and high elsewhere.
Similar arguments can be made
for gradients in the GTP/GDP state
of substrates for antagonistic
guanine nucleotide exchange
factor (GEF)/GTPase activating
protein (GAP) pairs.
It seems strange that chemical
gradients could exist inside of a
cell whose dimensions are often
less than 10 µm. However,
theoretical analysis of a spatially
segregated, antagonistic kinase-
phosphatase system [8,10] shows
that the length of the gradient,
Lgradient, depends on the diffusion
coefficient, D, of the substrate,
and on the apparent first-order
rate constant for the phosphatase
reaction, kp, such that:
Lgradient = √ D/kp
Assuming ‘typical’ values of
kp = 1 s–1, and D = 10 µm2 s–1,
then Lgradient = ~3 µm. Higher
phosphatase rate constants, but
still within the physiological range
(kp = 100 s–1), predict that the
gradient decays in less than 1 µm
[10]. Thus, a 10-fold change in
phosphostate concentration over
micrometer distances within the
cytoplasm is certainly feasible.
Whether these gradients exist to
the extent predicted from theory,
and whether they affect cellular
behavior significantly, are
presently key questions.
In terms of specific
kinase/phosphatase and GEF/GAP
substrates that could guide space
exploration by microtubules, two
substrates have received the most
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Figure 2. Chemical gradients. 
A chemical gradient requires
only that the source and sink
be spatially separate. As an
example, consider a kinase
that is tethered to an immo-
bile structure at the left
boundary of the system, and
an antagonistic phos-
phatase that is not tethered
to the structure. At steady-
state, the kinase continu-
ously produces the
phosphorylated form of the
substrate (A-P) at the left
boundary. As A-P diffuses
away from the boundary, it
is eventually dephosphory-
lated by the phosphatase to
become A again. The
dephosphorylated form 
(A) then diffuses until it
reaches the boundary where
it is converted by the kinase
back to the phosphorylated form (A-P) again. The result is a concentration gradient in
each of the two phosphostates that is indefinitely stable. If microtubule catastrophe (or
rescue) were promoted by one form of the substrate, then there would be a stable gradi-
ent in catastrophe (or rescue) frequency. Gradients will also arise when an antagonistic
guanine nucleotide exchange factor (GEF)/GTPase activating protein (GAP) system is
spatially segregated (not shown).
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attention: Op18/stathmin; and the
small GTPase Ran. Phosphostate
gradients in Op18/stathmin, which
destabilizes microtubules at least
partly by tubulin sequestration in a
phosphorylation-dependent
manner [11–13], have been directly
visualized in mitotic and interphase
cells using phosphostate-specific
fluorescence resonance energy
transfer (FRET) probes [14]. The
FRET analysis of Niethammer et al.
[14] indicates that a region favoring
microtubule assembly exists
between the poles in mitotic cells.
Phosphostate gradients in Ran,
which indirectly controls
microtubule assembly in mitosis
via TPX2 in a GTP/GDP-state
dependent manner [15,16], have
been directly visualized via FRET in
Xenopus egg extracts [17].
Consistent with these findings,
Wollman et al. [1] show that
perturbing Ran function extends
the capture time 2–3 fold,
suggesting that a high
concentration of Ran-GTP around
the chromosomes at least partially
creates the favorable growth
region for microtubule assembly.
Previous computer modeling of
RanGTP gradients suggested that
the gradients would be very small
in somatic cell mitosis [18]. It may
be, however, that even weak
gradients could translate
quantitatively into relatively large
catastrophe and rescue frequency
gradients in the cell. In addition to
controlling catastrophe and rescue,
Ran-GTP may also control
microtubule nucleation around the
chromosomes [16]. In general, it is
not yet clear how any putative
molecular gradient is actually ‘read
out’ by microtubules to control their
behavior spatially. Further,
microtubules themselves may
possess a history-dependent
catastrophe that enables persistent
assembly during the early part of a
growth phase, with an increasing
likelihood of catastrophe as
elongation proceeds [6,19]. This
has the effect of increasing the
efficiency with which space is
searched by narrowing the
distribution of microtubule lengths
around a length optimized for the
search-and-capture process [20].
In summary, it has been
appreciated for some time that
chemical gradients shape the
developing embryo. Evidence is
accruing that they also shape the
cytoplasm, which may facilitate
formation of key intracellular
connections, such as those
between spindle poles and
kinetochores during mitosis.
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Incredible as it may seem, the
upper chess pieces in Figure 1 are
identical to the lower chess pieces.
The upper pieces appear to be
white pieces with black clouds in
front of them. The lower pieces
appear to be black with white
clouds. This image, adapted from
the recent paper by Anderson and
Winawer [1], provides dramatic
evidence of the ability of the
human visual system to parse the
retinal image into separate layers.
Ever since Johannes Kepler
discovered that an image of
whatever we look at is projected
Lightness Perception: Seeing One
Color through Another
A newly described and dramatic visual illusion suggests that the retinal
image is decomposed by the brain into overlapping layers, not into
contiguous frameworks of illumination.
